Citation Riedel, Sebastian L. et al. "Recovery of Poly(3-hydroxybutyrate-Co-3-hydroxyhexanoate) from Ralstonia Eutropha Cultures with Non-halogenated Solvents." Biotechnology and Bioengineering 110.2 (2013): 461-470. Web. As Published http://dx.Creative Commons Attribution-Noncommercial-Share Alike 3.0 Detailed Terms http://creativecommons.org/licenses/by-nc-sa/3.0/ The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters.
INTRODUCTION

Test of precipitants for recovery of PHA
To test precipitants, 5% stock solutions of PHA in MIBK and BA were prepared in sealed 122 vessels. For each precipitant tested, 1 mL of the 5% PHA solution was transferred into pre- 123 weighed borosilicate glass test tubes. PHA was then precipitated by addition of 0.5-5 volumes 124 of precipitant (n-hexane or n-heptane) at room temperature. The tubes were briefly vortexed 125 and incubated at room temperature for 1 h. Following mixing, the tubes were centrifuged for PHA/solvent mixtures. Chloroform, MIBK, MEK, BA, or EA were used as solvents for 145 polymer recovery. PHA was extracted by incubating samples at 50˚C, 75˚C or 100˚C for 4 h 146 and were mixed by briefly shaking tubes by hand every 30 min. Samples were cooled to room 147 temperature and centrifuged at 2000 × g for 10 min at room temperature. In some cases, the 148 formation of a gel-like phase between the residual cells and organic phase was observed. This 149 gel-like phase will thus be referred to as PHA/solvent-gel, in contrast to the PHA/solvent-150 solution (e.g. PHA/MIBK-gel or PHA/BA-solution). A typical PHA/solvent-gel that formed 151 during a MIBK extraction is shown in Fig. 1 . PHA/solvent-solutions and PHA/solvent-gel, if 152 present, were each transferred to individual, pre-weighed borosilicate glass tubes. PHA was 153 then precipitated with 3 volumes of n-hexane, briefly vortexed at room temperature, 154 centrifuged at 2000 × g and then washed twice with n-hexane. The washed polymer was dried 155 overnight at 50˚C. Monomer composition of the P(HB-co-HHx) copolymer was determined 156 by methanolysis, as described below.
PHA/EA-solution were precipitated with 3 L n-hexane at room temperature in 4 L Erlenmeyer 172 flasks with stirring. Supernatant was removed through decantation and the precipitated PHA 173 was washed twice with n-hexane, manually crushed into smaller particles with a spatula, 174 placed in a glass bowl, and then dried at 50˚C overnight.
175
Larger scale recovery from dry cells with methyl isobutyl ketone (MIBK)
176
A total volume of 1.35 L MIBK was added to freeze-dried cells containing 27 g PHA, to form 177 a 2% PHA solvent mixture. The PHA mixture was then transferred to a 5 L round bottom 178 flask. Polymer was extracted at 100˚C with stirring under reflux conditions for 4 h. The 179 sample was cooled to room temperature overnight and centrifuged in glass centrifuge bottles 180 at 2200 × g for 10 min at room temperature. Aliquots of 1 L PHA/solvent-solution were 181 precipitated with 3 L n-hexane at room temperature in 4 L Erlenmeyer flasks with stirring.
182
Supernatant was removed through decantation and the precipitated PHA was washed twice 183 with n-hexane and then dried at 50˚C overnight. Before drying, the washed polymer pellet 
232
Testing PHA solubility in chosen solvents 233 To evaluate which solvents were capable of dissolving our PHA copolymer, previously-234 extracted P(HB-co-20mol%HHx), with a purity of 99% was used as the starting material.
235
With the exception of IA, all solvents tested were able to dissolve the copolymer (Fig. 3) , 236 resulting in a workable PHA/solvent solution. Recovery yields of up to 99% were achieved 237 from the 5% PHA solutions.
238
Test of precipitants for recovery of PHA 239 The precipitants n-hexane and n-heptane were tested for PHA precipitation. PHA was 240 precipitated from 5 wt% solutions at room temperature. The various combinations of solvents and precipitants gave similar results. A threefold volume of either precipitant (per volume of 242 PHA solution) was sufficient to recover almost 100% of the PHA (Fig. 4 ).
243
Test of lipid precipitation by n-hexane 244 In order to determine if residual lipids from the palm oil culture broth would also come out of 245 solution upon addition of n-hexane, attempts were made to precipitate oil or fatty acids from 246 different 5% lipid solutions in solvent (MIBK, BA). These test solutions contained a 247 significantly higher concentration of lipids than one would expect to co-extract with PHA. All 248 lipids went into solution in MIBK or BA at room temperature, although with palmitic acid, 249 the fatty acids precipitated when incubated at 4ºC (Supp. Fig. 1 ). After addition of n-hexane, 250 no lipid precipitation was observed at room temperature, but when solutions were incubated at 251 4ºC, lipids in the palmitic acid solution once again came out of solution (Supp. Fig. 1 ). These 252 findings indicate that substantial co-precipitation of oil and fatty acids during PHA 253 precipitation is unlikely using methods described in this work. However, precipitated PHA 254 must still be washed with additional volumes of precipitant in order to remove the residual 255 solvent, which can contain residual lipids, to ensure that lipid contamination of the polymer 256 does not persist upon drying.
257
Copolymer recovery from R. eutropha cells at 2 mL scale 258 In order to screen solvents for PHA recovery from biomass, P(HB-co-HHx) was extracted 259 from dry cells containing 76% PHA of CDW with an HHx concentration of 15 mol%.
260
Extractions were performed at various temperatures (50˚C, 75˚C, and 100˚C) with a PHA to 261 solvent ratio targeting 2% PHA solutions at the 2 mL scale (Table 2) . Chloroform was used as HHx level (17 mol%) compared to the polymer recovered from the PHA/solvent-gel (14-15 279 mol%) or compared to the total polymer recovered using chloroform as the solvent (15 mol%).
280
The polymer recovered from the PHA/MIBK-solution or PHA/BA-solution at an extraction 281 temperature of 50˚C had an even higher HHx concentration at 21 mol% or 19 mol%, 282 respectively. PHA recovery using MEK or EA exhibited a high recovery yield (≥ 95%) at 283 temperatures of 75˚C and 100˚C. However, at 50˚C, the recovery yield decreased to 87% or 284 76%, respectively, concomitant with a slight increase in HHx content to ~17 mol%. No 285 PHA/solvent-gel formation was observed during recovery with MEK and EA.
286
Copolymer recovery from dried R. eutropha cells at 40 mL scale 287
At the 2 mL scale, the extractions at 100˚C yielded the best results (see recovery yield and 288 purity, Table 2 ). Larger volume (40 mL) extractions were performed from dry cells, The data from 40 mL scale recovery experiments are shown in Table 3 . A PHA/solvent-gel 292 was observed using the solvents MIBK and BA, similar to results seen during the 2 mL 293 extractions. The purities of the recovered polymer samples from the PHA/solvent-gel were 294 lower relative to polymer from solution, with purities of 73% or 62%, using MIBK or BA, 295 respectively. The HHx concentrations of polymer recovered from either PHA/MIBK-solution 296 or PHA/BA-solution were, at 24 mol%, slightly higher compared to the polymer present in 297 cells (22 mol% HHx). Furthermore, the HHx content of the polymer recovered from the 298 PHA/MIBK-gel or the PHA/BA-gel was much lower, at 12 or 11 mol%, respectively.
299
Extraction with either EA or MEK gave a high polymer recovery yield of ≥ 94%. The HHx 300 content of polymer from the PHA/EA-solution or PHA/MEK-solution was ~21 mol%, which 301 was similar to the HHx content measured in whole cells. Analysis of the residual cell mass 302 from extractions using MEK or EA showed that only minor amounts of unrecovered PHA (2 303 wt% of cell mass) were present. However, the PHA content of residual cell mass from cells 304 treated with either MIBK or BA was much higher, at 13% or 24%, respectively. The HHx 305 monomer content of PHA not extracted from the cells with these solvents was 11-12 mol%.
306
The total recovery yield from MIBK extraction was 84% (71% from PHA/MIBK-solution and 307 13% from PHA/MIBK-gel). The total recovery yield was lowest with BA, reaching only 76% 308 (68% from PHA/BA-solution and 8% from PHA/BA-gel).
309
Larger scale PHA recovery 310 To demonstrate the scalability of a PHA recovery process, polymer was recovered from cell 311 biomass using up to 3 L volumes of solvent (Table 4 ). Wet cells were used, instead of dry 312 cells, to avoid an energy and time consuming drying step for these large quantities of cell 313 material. For comparison, representative gel forming and non-gel forming solvents were used 314 in this laboratory scale up process. MIBK was chosen over BA for the PHA/solvent-gel compared to dry cells. The residual cell mass from the EA extraction using wet cells showed a 391 high PHA concentration (Suppl. Fig. 2 ), which may have resulted from PHA solution 392 becoming trapped in the biomass, whereas the PHA content of the residual cell mass from the 393 dry 40 mL extraction was negligible (Table 3 ). Another possibility is that the presence of 394 water simply reduced the solvating power of the EA, leaving some polymer unextracted. The 395 3 L scale up with MIBK using wet biomass exhibited a recovery yield up to 84%, which is the 396 same recovery yield observed using dry cells in 40 mL extractions.
397
The purity of polymer from the 3 L MIBK extractions from wet cells improved to 99% by 398 extra washing with n-hexane. The purity of the PHA recovered from wet cells with EA was 399 slightly lower at 95%, although the same n-hexane wash was performed. The higher PHA 400 purity reached with MIBK could be explained by the PHA/MIBK-gel formation, which 401 covers the residual cell mass, separating it from the PHA/MIBK-solution. We did not filter 402 PHA/solvent-solutions before the polymer precipitation in extractions of greater than 2 mL 403 volumes. Therefore, the slight contamination seen in the EA extraction probably comes from 404 residual cell material during the separation of the residual biomass from the PHA/EA-solvent-405 solution prior to PHA precipitation. All PHA extractions in our studies were performed using 406 a PHA solvent ratio of 2% (w/v). All solvents used were shown to be capable of dissolving To recover dissolved polymer we chose to precipitate the polymer with alkanes, instead of 413 evaporating the solvent. Evaporation can be problematic in batch operations because the 414 polymer tends to coat the vessel after the solvent is removed. Additionally, any contaminants that are also present in the solvent (e.g. residual lipids from plant oil fermentations) will co-416 purify with the PHA. We determined that adding a threefold volume of precipitant to Table 2 ). A smaller ratio may be possible at a lower precipitation temperature. The boiling 419 point of n-hexane is lower than that of n-heptane. This suggests that n-hexane should be easier 420 to separate from both BA and MIBK, making it a more promising precipitant for these 421 solvents, due to lower cost during solvent recycling. However, n-heptane is rated as a class 3 422 chemical by the FDA, while n-hexane is class 2, and is therefore considered as less safe than 423 n-heptane (http://www.fda.gov/RegulatoryInformation/Guidances/ucm128290.htm). If PHA is 424 destined for biomedical applications, then n-heptane may be the preferred precipitant. If EA or 425 MEK was chosen as the solvent, n-heptane or n-octane could be used as a precipitant due to 426 the greater differences in their boiling points, as compared to n-hexane with the solvents.
427
It is possible that some residual palm oil and fatty acids may be associated with the biomass at 428 the end of a high density fermentation. It was shown that these lipids dissolve in the solvents 429 used in this work, but were not precipitated during the recovery process (Supp. Fig. 1 ).
430
However, after precipitation, residual solvent can be removed from the polymer by washing 431 with precipitant, to avoid contamination of PHA with residual lipids.
432
For a recovery process using wet cells as starting material, we recommend the 433 solvent/precipitant pair of MIBK/n-hexane, based on the polymer recovery results obtained in 434 this work, as well as the large differences in boiling points, which predicts effective recycling 435 of solvent through distillation. BA could be used alternatively to MIBK because it is less 436 miscible with water, has a higher boiling point, is less flammable, and has a higher PEL.
437
However, the performed recovery studies showed higher recovery yields using MIBK. One 438 potential issue with BA is that it can degrade by hydrolysis in the presence of water (Sakamuri washed twice with 2.5 mL solvent during the 40 mL extraction process from dry cells (**), or three 9 times with water after the 1.5 L EA extraction from wet cells. 5% PHA solutions were made. The polymer was precipitated by addition of n-hexane or n-heptane to 17 the solution at room temperature. Averages of two replicates are shown. 18 Table 2 : P(HB-co-HHx) recovery from dry R. eutropha cells on a 2 mL scale. PHA was extracted for 1 4 h at 100˚C, 75˚C or 50˚C with the non-halogenated solvents (52.6 mg cells, 76% CDW of PHA, 2 2 mL solvent). Chloroform extractions were used as controls. In all cases, the extracted polymer was 3 precipitated with 3 volumes of n-hexane at room temperature from PHA/solvent-solution (S) or 4 PHA/solvent-gel (G) and dried at 50˚C. All values represent means from triplicate extractions with 5 error bars indicating ± S.D. observed to be different, but the mol% HHx content of polymer from each phase was the same. 
